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Abstract 

The suggestion has recently been made that certain higher-order cortical areas involved in supporting nnultisensory 
representations of the body, and of the space around it, might also play a role in controlling thermoregulatory functions. 
Here we demonstrate that temporary interference with the function of one of these areas, the posterior parietal cortex, by 
repetitive transcranial magnetic stimulation, results in a decrease in limb temperature. By contrast, interference with the 
activity of a sensory-specific area (the primary somatosensory cortex) had no effect on temperature. The results of this 
experiment suggest that associative multisensory brain areas might exert a top-down modulation over basic physiological 
control. Such a function might be part of a larger neural circuit responsible for maintaining the integrity of the body at both 
a homeostatic and a psychological level. 
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Introduction 

A series of studies in the last few years has started to highlight 
the consequences of higher-order cognitive manipulations on the 
lower-level mechanisms involved in controlling physiological life- 
supporting functions [1], [2], see also [3]. In fact, recent findings 
suggest that psychological illusions regarding the ownership of our 
body can modulate thermoregulatory [1] and immune [4] system 
control in neurologically unimpaired participants [5]. For exam- 
ple, eliciting the illusion that a rubber hand is part of a person's 
body results in a reduction of skin temperature on the hand that is 
'replaced' by the artificial one, and in a shift in the perceived 
temporal order of pairs of tactile stimuli, such that stimuli from the 
experimental hand are given less weighting (in terms of 
attentional/processing resources) than stimuli from the other 
hand [1], [5], [6]. Similarly, researchers have shown in patients 
with complex regional pain syndrome (CRPS), that changing the 
position of the affected limb in space can shift from pathological to 
near-normal the temperature of the affected limb [6] , [7] , and that 
this efTect depends on the perceived location of the limb, not its 
true location or alignment [8]. 

It is important to note that CRPS may occur after stroke 
involving the posterior parietal cortex [9] and after peripheral limb 
trauma without stroke. The likelihood of developing CRPS after 
peripheral trauma is not affected by the severity of the injury, (see 
[10] for a review). Despite their very different aetiologies, the 
similarities between post-stroke and post-peripheral trauma CRPS 
are remarkable, (see [1 1] for a review). AH of these similarities, 
combined with the recent discovery that cooling of the affected 
limb in CRPS is positively related to a spatially-defined shift in 
tactile processing [6], would seem to suggest that the processing of 



spatial variables occurring in higher-order brain areas, can have 
an important effect on thermoregulatory control. 

In order to account for the rather unexpected findings coming 
from the study of CRPS patients, as well as for those from bodily 
illusions in neurologically normal participants, it has recentiy been 
suggested that a network of brain areas, named the 'body matrix', 
might be responsible for maintaining the integrity of the body at 
both the homeostatic (i.e., thermoregulation) and psychological 
levels [5]. This neural network might therefore supervise the 
distribution of cognitive and physiological resources necessary to 
protect the body surface and the space around it (cf. [12] for the 
concept of "neuromatrix", a network of brain areas responsible for 
the subjective experience of pain). Within this network a key role is 
thought to be played by higher-order (multisensory) areas, such as 
the posterior parietal cortex (PPC). The PPC is responsible for 
integrating different (somatotopic and spatial) frames of reference 
used for the localization of external stimuli and of the position of 
the body in space, as well as for sustaining a coherent multisensory 
representation of the body [13]. Following on from these 
considerations, one might predict that modulation of activity in 
the PPC may have consequences for homeostatic functions, such 
as thermoregulatory control. 

A number of studies on neurological patients have shown a 
relationship between brain damage and thermoregulatory control 
[14-15]. In particular, Naver, Blomstrand, Ekholm, Jensen, 
Karlsson, and WaUin [16] studied the incidence of symptoms of 
autonomic dysfunction after the acute phase of stroke. They found 
that 43% of the patients observed reported a sensation of coldness 
in the side of the body contralateral to the side of the lesion 
(contralesional). Moreover, basal skin blood flow and temperature 
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were genercdly lower in the contralesional side of the patients' 
bodies. Note, however, that in this study no correlation between 
the area or size of the lesion and the thermoregulatory dysfunction 
was reported. Such work was later extended by Riedl, Beckmann, 
Neundorfer, Handwerker, and Birklein [17] to directly compare 
autonomic dysfunction in the first few days after stroke to that 
observed in chronic CRPS, using detailed neurological examina- 
tion, thermal imaging and evaporation hygrometry. The authors 
described the two conditions as remarkably similar, leading to the 
suggestion that autonomic dysfunction have a central origin in the 
neural system. It is important to note, however, that both studies 
found no correlation between the area (and side [17]) of the lesion 
and autonomic control. 

As far as a more accurate locaUzation of the brain areas 
involved in thermoregulatory control is concerned, Ishii, Ohtsuki, 
Tamaoka, Mizusawa, and Shoji [18] reported two cases of 
reduced limb temperature following damage to the somatosensory 
cortex. However, it is worth noting that the presence of subcortical 
damage and of possible impairment of peripheral nerves in both of 
these patients undermine any strong conclusion about the causal 
role of the somatosensory cortex in thermoregulatory control. 
Satoh, Terada, Onouchi, Takeda, and Kuzuhara [19] also 
described a patient with somatosensory dysfunction after infarction 
of the left postcentral gyrus, limited to Brodmann's areas 1 and 2, 
who showed a decrease in the skin temperature of the right hand. 
On the basis of this observation, the authors concluded that skin 
temperature might be controlled somatotopically in the somato- 
sensory cortex, but that further studies were needed in order to 
clarify the mechanism and the anatomic localization of skin 
temperature control [19]. To our knowledge, there are no 
subsequent reports on the possible involvement of the somatosen- 
sory cortex on thermoregulatory control in humans (see [20], for 
the observation of a modulation of body temperature after 
stimulation of the orbital frontal neocortex in anesthetized rats). 
In particular, the question of whether or not higher-order cortical 
areas can modulate the functioning of lower-level physiological 
mechanisms (as suggested by behavioral evidence; see [5]), still 
remains unanswered. The present study aimed to clarify this 
important issue by measuring the eflFect on body temperature of 
temporarily interfering with the function of the PPC or S 1 using 
repetitive transcranic magnetic Stimulation (rTMS). 

rTMS is a non-invasive technique of brain stimulation that can 
influence the brain's electrical activity by a pulsed magnetic field. 
The magnetic field is generated by passing brief current pulses 
through a coil of wire. An important aspect of rTMS is that the 
effects of each single pulse can summate with repeated appUcation, 
leading to effects oudasting a stimulation session [21], [22] and 
usually to an interference with the stimulated area [22-25]. 

In order to better explore the neural mechanisms of 'higher 
order' thermoregulation (i.e., thermoregulatory functions mediat- 
ed by multisensor)' associative areas) we used rTMS to interfere 
with the functioning of PPC or 81. Following on from the body 
matrix theory [5] highlighted above, our primary hypothesis was 
that rTMS over PPC (and in particular over the right PPC) would 
modulate body temperature, but rTMS over SI would not. Given 
that the right PPC has been shown to be involved in disorders of 
body ownership [26], one might expect that the stimulation of this 
area results in a modulation of body ownership as well as in 
changes of thermoregulatory control. Finally, considering that 
previous experiments where bodily illusions were adopted in order 
to induce changes of thermoregulation have found body-specific 
effects (e.g., inducing the illusion that the right hand is replaced by 
a rubber hand results in a reduction of the temperature in the real 
participant's right hand but not on his/her left hand) one might 



also expect a body specific modulation of thermoregulatory 
control following the stimulation of different brain hemispheres. 

Methods 

Participants 

Twenty-four healthy volunteers (12 females) participated in the 
experiment. Their ages ranged from 20 to 30 years (mean ± S. 
D. = 24.3±2.5 years). The participants were right-handed, as 
assessed by a 10-item questionnaire [27], and had no psychiatric, 
neurological or other relevant medical disorders, as well as no 
contraindication to TMS [28]. The volunteers gave written 
informed consent and received course credits in return for their 
participation. The study reported in this paper was approved by 
the ethical committee of University of MUano-Bicocca. The 
experiment was performed in accordance with the ethical 
standards laid down in the 1991 Declaration of Helsinki. 

Materials 

Two 17.5 mm X 17.5 mmx6 mm 'Thermocron-TC tempera- 
ture loggers were used in order to constantly monitor and record 
the participant's body temperature with an accuracy of 0.07°C (see 
[29-31]). Readings were then downloaded to a PC by using the 
proprietary program 'cTemperature'. 

The room temperature was measured with a standard mercury 
thermometer, placed on a desk at approximately 100 cm from the 
participants. The temperature was recorded three times: 20, 47 
and 66 minutes from the beginning of the experimental session. 
The average temperature measured with this procedure was of 
27.5°C (± S.D. of 2.1°G). 

The effects of the rTMS stimulation on the participant's 
perceived ownership of his/her hands were assessed by using two 
questionnaires (one for each hand) composed of 4 Likert scale 
questions each (see Appendix SI; cf [32]). 

Procedure 

The experiment was performed in a quiet room, with the 
participants being comfortably seated on a chair in front of a desk. 
Participants were asked to extend their arms, and rest their hands 
with their palms down on the desk at a distance of 50 cm from 
their trunk, and required to reduce to a minimum any body 
movement for all the duration of the experimental session. The 
temperature loggers were fixed to the back of the participants' 
hands with transpiring cotton tape. Temperature values were 
measured every five seconds for each hand. 

The 24 volunteers were randomly assigned to receive rTMS to 
their left or right hemisphere. Each participant took part in two 
separate experimental sessions, one for each area stimulated. The 
two sessions were performed on different days and the order of 
sessions was counterbalanced across participants. A minimum 
interval of 24 hours occurred between the first and the second 
session (mean ± S. D. = 54 h±36.9 h, range 24-216 h). 

Each experimental session lasted about 65 minutes, and 
comprised three phases: 1) baseline pre-TMS phase; 2) rTMS 
stimulation; and 3) post-rTMS phase (see Figure 1). In the baseline 
phase, which began after the experimenter had placed the 
temperature loggers on the participant's hands, the a\erage 
temperature of the participant's hands was measured for 
25 minutes. Hence, rTMS was delivered over PPC or SI for a 
period of 20 minutes. Finally, in the last post-rTMS phase the 
average temperature of the participant's hands was measured 
again for a period of 20 minutes. At the end of the post-rTMS 
phase two participants in each group decided to leave the 
experiment and the remaining participants (N = 10 in each group) 
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Figure 1. Setup and time course adopted in the present experiment. 
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were presented with a questionnaire in order to evaluate tlieir 
sense of ownership regarding their liands (see Appendix SI). 

Low-frequency (I Hz) off-line rTMS was delivered at a fixed 
intensity of 60% of the maximum stimulator output [33] using a 
Magstim Super Rapid magnetic stimulator (Magstim, Whidand, 
UK) and a figure-of-eight coil (70 mm diameter). TMS was 
applied over the PPC (left or right) and SI (left or right). The 
rTMS stimulation sites were individually defined for each 
participant within the 10-20 electroencephalogram (EEG) coor- 
dinate system. 

According to previous TMS studies [34], [35], the location of 
S 1 was determined on an individual basis by moving the TMS coil 
posterior from the scalp location corresponding to the primary 
motor cortex that was found to produce maximal index finger 
movements in the contralateral hand. The resting motor threshold 
value was set to the stimulation level that elicited visible 
movements of the index finger in five of ten TMS pulses applied 
to the hand area. The posterior shift was repeated in 5-mm steps 
until TMS pulses at 120% of the motor threshold produced no 
visible finger movements and participants reported feeling no 
muscle twitches in response to the rTMS pulses. For PPC, the area 
of stimulation corresponded to 1 cm above the position P4 for the 
right PPC and to 1 cm above the position P3 for the left PPC in 
tiie 10:20 EEG system [36], [37]. For both PPC and SI rTMS, the 
coil was held tangentially to the scalp, with the handle pointing 
backwards at an angle of 45° from the midline. For each session, 
the correct site was marked on the participant's cap and the coil 
was positioned on that site for the duration of stimulation. 

Analysis 

The average temperatures measured from both the temperature 
loggers during the last five minutes of the baseline condition (60 
recordings) and the last 19 minutes (228 recordings) of the post- 
TMS condition were computed. The temperature data recorded 
during the twenty minutes of rTMS stimulation were not taken 
into consideration. These data were then submitted to a repeated- 
measures analysis of variance (ANOVA) with three within-subjects 
factors (Area: PPC, SI; Time: baseline, pre-rTMS, post-rTMS; 
Hand: right vs. left), and one between-subjects factor (targeted 
Hemisphere: right, left). Significant effects were assessed by 
Newman-Keuls post-hoc multiple comparisons. 



The sums of the self-reported ratings of hand ownership from 
the four questions were also submitted to an ANOVA with two 
within-subjects factors (Area: PPC, SI; Hand: right, left), and one 
between-subjects factor (targeted Hemisphere: right, left). Note 
that, because question 1 referred to ownership, rather than 
disownership, the participants' responses to question 1 were 
subtracted from six, in order to make all of the responses 
homogenous in terms of the ownership elfect that was measured 
(see Table 1, for the means of the responses given by the 
participants to each item individually). 

Results 

Figure 2 shows the effects of rTMS (difierences between pre and 
post rTMS values) delivered to the right and left PPC and S 1 on 
temperature of the left and right hand. The temperature in both 
hands decreased (mean ±SE = : 0.5° Celsius ±0.06° Celsius) after 
rTMS of the PPC. rTMS to SI had no efiects (mean ± SE: - 
0.11° Celsius ±0.04° Celsius; see also Figwe 3). 

The ANOVA showed no significant main effects of Area [F( 1 , 
22) = 0.21, p = .65, f2 = .99]. Time [F(l, 22)= 1.76, p = .20, 
f = .92], Hand [F(l, 22) = 0.31, p = .58, f = .98], and Hemisphere 
[F(l, 22) = 0.03, p = .85, f^ = .99]. Importantiy, the Area by Time 
interaction [F(l, 22) = 6.27, p = .02, f^ = .77] was significant. 
Newman-Keuls post-hoc comparisons showed that post rTMS 
temperature was lower than pre rTMS temperature for PPC 
stimulation (p = .04). No significant difierences were reported 
between pre and post rTMS for SI stimulation (p=.52), nor 
between SI and PPC pre rTMS (p = 0.60). The Hemisphere by 
Area [F(l, 22) = 0.01, p = .91, f^ = .99], Hemisphere by Time [F(l 
22) = 0.1 7, p = .69, f^ = .99], Hemisphere by Hand [F(l 
22) = 1.70, p = .21, f^ = .92], Area by Time by Hemisphere [F(l 
22) = 0.00, p = .96, f^ = .99], Area by Hand by Hemisphere [F(l 
22)= 1.82, p=.19, f^ = .92]. Area by Time by Hand [F(l 
22) = 2.59, p = .12, f^ = .89], and Area by Time by Hand by 
Hemisphere [F(l, 22) = 0.02, p = .90, f = .99] interactions were all 
not significant. 

Figure 4 shows the effects of rTMS delivered to the right and 
left PPC and SI on the participants' responses regarding their 
sense of ownership over the left and right hand. The ANOVA 
failed to reveal any significant main effect of Area [F(l,18) = 0.42, 
p = .52, f^ = .97]. Hand F(l,18) = 1.32, p = .26, f^ = .93] or 
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Hemisphere [F(l,18) = 3.52, p = .076, f = .83]. The Area by Hand 
[F(l,18) = 0.06, p = .80, f^ = .99]. Area by Hemisphere 
[F(I,18) = 0.42, p = .52, f = .97], Hand by Hemisphere [F 
(1,18) = 1.72, p = .20, f = .91] and Area by Hand by Hemisphere 
[F (1,18) = 0.6, p = .4,5, f^ = .96] interactions were also not 
significant. That is, no changes in the participants' feelings of 
ownership regarding their right or left hand were reported after 
rTMS stimulation of either PPC or SI. 

Discussion 

We hypothesised that rTMS over PPC would disrupt thermo- 
regulation but rTMS over SI would not. Our results clearly 
uphold this hypothesis - temperature of both hands was 0.5 
degrees lower after rTMS over PPC, but was not significandy 
diflFerent after rTMS over S 1 . Our findings provide clear evidence 
that disruption of higher-order associative brain areas in humans 
can disrupt homeostatic control. 

The results reported here olfer additional empirical support for 
several studies that demonstrate that behavioral manipulations 
concerning the position of the body in space, as well as the sense of 
body ownership, can affect thermoregulatory control (see [5] for a 
review). Moreover, our findings are consistent with a recent model 
that suggests that a network of brain areas, comprising PPC, the 
premotor and the insular cortices, might play a crucial role in 
maintaining the integrity of the body at both the homeostatic (i.e., 
thermoregulation) and psychological (i.e., in terms of perception 
and the sense of body ownership) levels [5] . Within this structure, 
named the 'body matrix', multisensory information regarding the 
body and the space around it is constantiy (and likely automat- 
ically) integrated. The results of the experiment reported here fuUy 
support this view by showing that a reversible functional 
interference of PPC, such as that provoked by rTMS, disrupts 
thermoregulatory control. The results of the present experiment 
therefore provide the first direct evidence that PPC might exert a 
top-down modulation of thermoregulatory control. It is, however, 
relevant to note that previous studies have shown that this brain 
area is part of a cortical/ subcortical network involved in 
processing information regarding changes of body temperature 
[38]. That is, the PPC might be involved in both processing 
incoming signals regarding a variation of core body temperature, 
as well as in affecting the functioning of those efferent systems 
responsible for modulating such homeostatic variable. 

It is important to highlight that our findings may also be in 
agreement with a large number of studies suggesting that higher 
order brain areas involved in integrating multisensory information, 
and in recahbrating information on the basis of diflFerent spatial 
frames of reference, also play a crucial role in supporting our 
representation of the body and our sense of body ownership [39- 
44] . Specifically, the present study extends these findings to suggest 
that these brain areas, and the PPC in particular, might also exert 
a top down influence on physiological mechanisms such as 
thermoregulatory control, related to the protection of the body 
integrity, a function strictiy related to body ownership. This 
possibility has implications for chronic pain that extend beyond 
the condition of CRPS. For example, a recent discovery shows a 
spatially-defined disruption of tactile processing, similar to that 
observed in CRPS [1], in people with chronic unilateral back pain 
[45]. One might predict that, if the integration of spatial 
processing with autonomic control extends to the trunk, then 
autonomic dysfunction will also be observed in this patients' 
group. It is, however, worth mentioning that PPC is not a single 
general multimodal processor, but has distinct functional subre- 
gions in the monkey and human (see [46] for a review). Therefore, 
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Figure 2. Mean decrease and standard errors of the mean (based on 288 observations per participant) in the temperature of the 
participants' hands (baseline minus post rTMS) as a function of the stimulated area (PPC = Posterior Parietal Cortex; SI = Primary 
Somatosensory Cortex], and of the stimulated brain hemisphere. Tennperature is reported using degrees Celsius. Positive values indicate 
higher temperatures measured in the baseline as compared to the post rTMS condition and viceversa. 
doi:1 0.1 371/journal.pone.0088209.g002 



further research might also target which specific areas of the PPC 
are involved in thermoregulatory control. 

From a neurological standpoint, lesions of the anterior parietal 
lobe, including SI, may bring about a contralateral deficit of 
temperature sensation, together with a deficit of touch, pain, 
tactile discrimination and stereognosis [47], [48]. Damage to the 
superior parietal lobule of the PPC aflFects mainly tactile 
discrimination and stereognosis [49] , and sensorimotor integration 
[50]. When the inferior parietal lobule of the PPC is damaged, 
deficits such as tactile agnosia may be found [51]. Although the 
majority of studies do not report hemispheric asymmetries [52], 



there is evidence that somatosensory deficits are more frequent 
after damage to the right hemisphere than to the left [53], which 
probably reflects a main role of the right hemisphere for 
somatosensory attention and perception, for both the left 
contralateral, and the right ipsUateral, sides of the body [54-56]. 
This hemispheric asymmetry may be related to the fact that 
awareness of somatosensory events involves their coding in spatial 
reference frames, an operation for which the right hemisphere is 
specialized [57-60]. Conversely, more basic processes supported 
by the body matrix [5], such as thermoregulation, and, as recent 
evidence suggests - immune regulation [4] - might be more 
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the experiment divided by site of rTMS stimulation. 
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Figure 4. Questionnaire data. Means and standard error of the means of the Individual sum of participants' ratings (ranging from 1 to 5) regarding 
the 4 statements of the questionnaire by stimulated area (PPC = Posterior Parietal Cortex; SI = Primary Somatosensory Cortex), stimulated brain 
hemisphere, and participants' hand (left or right). Higher values represent larger sensations of body disownership regarding the specific body part 
investigated. 

doi:10.1371/journal.pone.0088209.g004 



symmetrically-distributed across the two cerebral hemispheres. 
This suggestion would appear to be confirmed by the lack of 
difierences found in the present experiment between rTMS over 
the right and left PPC on thermoregulatory control. 

In the present experiment no differences between the two hands 
were reported in the decrease of temperature elicited by rTMS 
over the PPC. By contrast, behavioral experiments have shown 
body district-specific effects on thermoregulatory control ([1], [5], 
though see [61], for a lack of body-district specific effects when a 
full body illusion is elicited). Here one might speculate on whether 
this lack of more specific effects might be due to the fact that the 
body matrix likely comprises both motor and perceptual systems 
[5]. That is, body district-specific effects might be related to the 
fiinctioning of the motor (i.e., the premotor cortex) rather than to 
the more perceptual components of the body matrix. Note in fact 
that one of the ultimate purposes of this cortical network is to 
protect the body integrity by performing accurate movements. 
Moreover, there is ample evidence showing that representations 
posterior to SI, such as those in SII receive inputs from both body 
sides [62], [63], (cf [64], for a review on the presence of neurons 
with bilateral receptive fields also within SI in animals). 

As far as the point of the lack of body specific effects is 
concerned, it is worth noting here that behavioural experiments 
where the modulation of thermoregulatory control was confined to 
a specific body district have adopted the paradigm of the rubber 
hand illusion [1], [5]. Within such paradigm the participants who 
are exposed to visuo-tactUe synchronous information, start to 
perceive that a fake hand is part of their own body. One might 
then argue that, despite of the body specificity of the effect that this 
illusion exerts on thermoregulatory control, no motor components 
seems to be involved in generating the phenomenon (in fact the 
participants keep their arm stUl). However, one should consider 
that changes in the perception of where or body is in space, likely 
involves the access to the body schema, where information 



regarding the position of the body is continuously updated in order 
to program accurate movements towards external space. One 
might therefore speculate that the motor component of the body 
matrix is activated also under such condition of stimulus 
presentation. As far as this concept is concerned, it is important 
to notice that studies on the rubber hand illusion have shown that 
changes in the perceived position of one's body often occur 
without any alteration of the participant's sense of body ownership 
[65]. 

It should also be considered, that the results reported in the 
present study might not be due to the fact that interference over 
PPC disrupts the activity of a network involved in supporting a 
representation of the body and the sense of body ownership (note 
in fact that we did not find any changes in body ownership 
following the stimulation of PPC, see also below). By contrast, they 
might result from a disruption in the functioning of a network 
involved in directing attention towards external space. In fact, a 
number of studies on brain damaged patients, as well as on 
neurological unimpaired participants, have clearly shown that the 
PPC is part of a neural circuit involved in the deployment of 
spatial and selective attention in humans [55], (see also [66], [67] 
for TMS studies). It is however important to note, that no study 
has so far directly investigated the role of attentional shifts on 
thermoregulatory control (though see [8] for the effect of prism 
adaptation - a procedure that has been shown to modulate spatial 
attention mechanisms - on thermoregulatory control in patients 
affected by chronic regional pain syndrome). This topics certainly 
deserves to be addressed in the near future. 

The results from the questionnaire, showed that interference 
with the functioning of PPC or SI does not result into an 
impairment of the participants' sense of body ownership. This 
result might be taken to suggest that rTMS over PPC might affect 
in different fashions, physiological and cognitive functions. 
However, before drawing any conclusion on the basis of this 
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result, one should consider that the participants in our study were 
not neurologically damaged patients and they certainly knew that 
the arm in front of them was their own arm. That is, the effect of 
rTMS might be not as powerful to overcome people's explicit 
beliefs and expectations regarding their body ownership, but 
sufficient to alter their (implicitly-controlled) physiological respons- 
es. It certainly remains possible that different effects of rTMS 
might be expected when more robust measuring tools thought to 
be affected by illusions of body ownership, such as the spatial 
localization of a person's own body parts, are used instead. 

In conclusion, the results of the present experiment show that 
higher order cortical areas such as PPC might play an important 
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